Spatially correlated modes of the extra four particles in the core plus four-particle system are investigated on the basis of the (major-shell-mixing) shell-model picture. New bases of the four-body configurations are introduced to represent both the shell-model character and the a-like-clustering nature of the four particles. The bases define a subspace in which the single-particle shell-model states are vertically truncated with the [ 4] symmetry. The model is applied to the study of the low-lying even-parity levels of 20 Ne, reproducing well the levels in the ground band with the use of the residual interaction much weaker than that used in the sd shell model. Spatial correlations and higher-shell-mixing effects in the calculated states are investigated from the various viewpoints. § I. Introduction Recently, it has become clear that the a-particle-like four-body correlations play an important role in ·light nuclei.
Above all it is of significance to investigate how extra four particles (two protons and two neutrons) moving in the average nuclear field of the closed-shell core correlate to compose an a-like mode and whether in the mode they really are localized as in the free a particle or not.
Marumori and Suzuki
2 ) have proposed a new theory of treating four-body correlations microscopically, which is one of the bases of the present work. According to the theory, four-body scattering correlations are taken up first of all as the most important correlations in light nuclei and four-body scattering eigenmodes are constructed in the framework of the new Tamm-Dancoff approximation (NTDA). With the use of a simple schematic model, they have shown qualitatively that ground-state correlations play an important role in understanding various a-cluster like properties of light nuclei, especially the first excited o+ states in 16 0 and 4°C a. Along this line, Eichler, Marumori and one of the authors (K.T.) have investigated3) an interaction between a four-particle mode and a single-hole mode taking the ground-state correlations into account properly and they have been able to show a possibility of giving a basis of the weak coupling model proposed by Arima, Horiuchi and Sebe. 1 ) use of rather large effective charge (eP = 1.5e and en= 0.5e), however, suggests the presence of correlations which are not yet included in the model. On the other hand, Hiura, Abe, Saito and Endo
6
) have proposed an a-cluster plus 16 0-core model for 20 Ne. It is assumed in the model that the outer four particles are localized to form a stable a-cluster and that they interact with 16 0-core through an effective a-16 0 potential composed of a repulsive core and a state-dependent attractive well, the former part being introduced to include effects of the Pauli principle between the a-cluster and the 16 0-core. They have solved the relative wave functions of the 0+, 2+ and 4 + states in the ground band and obtained the consistent understanding about the binding energies, rms radius and the B(E2) values between the states. The considerable success of these two models, which present a striking contrast to each other, implies the following: i) The spherical Hartree-F ock field is still stable and the concept of four-body mode can safely be applied to the low-lying states of 20 Ne. ii) There exist, however, very strong a-like four-body correlations in the mode. iii) An effect of the correlations is found out in the a-cluster plus 16 0-core model even in the Tamm-Dancoff sense and it corresponds to the inclusion of the higher single-particle states into the four-body wave func-tions, if referred to with the shell-model language.
The main purpose of the present work mentiond before is also based on the above considerations. In the present paper the single-particle states adopted so as to c-onstruct the four-body mode are then extended to all states over the Fermi surface, which may guarantee a possibility of the description of a-like spatially correlated modes . starting from the shell-model picture. Here we should not necessarily think of a spatial cluster in the sense of the cluster model. -A very difficult problem, however, still remains: How to truncate the size of possible four-body configuration which is desperately large (infinite). A truncation reflecting the spatial correlations can hardly be done in the shell-model representation, but might be done properly in the coordinate representation of the fourbody mode. In the present work, well-truncated bases of the four-body configurations are proposed and it is made clear that all of single-particle states are included in these four-body bases. It is exactly and finely performed in the next step to exclude the single-particle components forbidden by the presence of the core nucleus out of the four-body wave functions. If the usual one-major-shell truncation is called horizontal truncation, then our truncation might be called vertical truncation of the single-particle shell-model states. Total Hamiltonian is diagonalized in the vertically truncated subspace, the Pauli principle being taken into account correctly. In the above-mentioned sense, our approach stands ber yond the a-cluster representation which is pointed out to be equivalent to the SUa shell-model by Bayman and Bohr.
)
Since the a-like spatial correlations seem to appear even in the TammDancof£ sense as mentioned before, the case of the TDA are investigated in this paper. It is made clear that four-body wave functions composed of the vertically truncated base-configurations work effectively to obtain the large binding energy of the. four particles outside the core and that the wave functions reproduce well the level structure of the ground-band of 20 Ne with the use of a residual interaction much weakened from that of sd shell model.
Basic formulations in the coordinate representation is given m § 2, transformed from the shell-model representation. In § 3, the vertical truncation model is intro·duced. In § 4, calculated results and discussion for 20 Ne are given. The relation between our approach and the SU 3 scheme of the sd shell model is also studied. Furthermore, calculations by using vertical truncations within three major shells are presented and a discussion on the renormalization of the effective interaction is given there. In § 5, concluding remarks are made. § 2. Basic formulation
The basic formulation of the four-body scattering eigenmodes has been given by Marumori and Suzuki 2 ) in the shell-model representation. As is mentioned in the previous section, the shell model representation, however, is unsuitable for the investigation of the a-like spatial correlations and it is convenient to use the coordinate representation truncating the space in it. We reformulate the fourbody scattering eigenmodes in the coordinate representation within the framework of the Tamm-Dancoff approximation in the present section.
1 Basic assumptions
W·e should start with setting up some basic assumptions on the four-body eigenmodes.
In the present work, we treat a special class of eigenstates of an (A 0 + 4)-particle system due to the correlations between the extra four particles outside the core. The core with particle number Ao is assumed to have a doubly closed shell configuration of the L-S coupling shell model.
To represent the interaction of one nucleon with the nuclear field of the core, we assume a single-particle Hamiltonian of the following form:
Then the space-coordinate part of the basic single-particle wave function (/)nzm (r) is determined by
The basic single-particle wave function is composed of the product of the spin and isospin wave function and (/)nlm (r) as
where x stands for all one-particle variables, x= (r, rJ, r), and Greek subscript a denotes the single-particle state a= (n, l, m, f5z, rz). The single-particle Hamiltonian H 0 is so determined that the single-particle energy might reproduce the experimental energy spectrum having single-particle nature in a core plus one-nucleon system. For this purpose, the spin-orbit interaction and other corrections will be added as perturbations in the precise calculation, if necessary. P is the projection operator to the state of the spin S and the isospin T. Now, let us set up an approximate four-body scattering eigenmode of the (A 0 +4)-particle system in the framework of the Tamm-Dancoff approximation. The four-body eigenmode is assumed to be defined in the shell-model representation by
where the subscript n denotes a set of quantum numbers characterizing the eigenmode. The ground state I 0) for the eigenmode Xnt is the core of the doubly closed shell of A 0 particles in the Tamm-Dancoff approximation and the eigenstates of the (A 0 +4)-particle system are presented by XntJO). Among these eigenstates, the state with the lowest energy is assumed to be the ground state of the (A 0 + 4) -particle system.
The operator Q 4 p(a{3ro) appeared in Eq. (2 · 7) is introduced in order that the Pauli principle between the outer four particles and the particles in the core might be fulfilled. This is the projection operator to the four-particle states in which the single-particle states a, {3, r, Neglecting the "interaction" Zn, we obtain the following eigenvalue equation:
Here the eigenvalue Wn denotes the energy of the eigenstate m the (A 0 +4)-particle system relative to the ground state of the A 0~p article core.
2 Eigenvalue equation in the coordinate representation
In order to investigate the a-like spatial correlations, we should transform the eigenvalue equation (2 ·11) into coordinate representation.
The field operator of nucleon in the coordinate representation is defined by
where lf?a(x) is the single-particle wave function given by expression (2 · 3). The field operators (pt (x) and ¢ (x) satisfy the following commutation relation:
With the use of transformation (2 ·12), the four-body eigenmode X,,t is written as Since the shell-model representation of the projection operator Q4P Is given by definition (2 · 8), its coordinate representation can be written as
Here the notation :Ea' denotes the restricted summation over the single-particle states occupied in the core. Since the core is assumed to be doubly closed shell,
where P (r, r') = :E' lf'nlm (r) lf?:i'zm (r'). 
i=l i<J and the single-particle Hamiltonian H 0 and the interaction v are given in expressions (2 ·1) and (2 · 6), respectively. Equation (2 · 24) is the fundamental equation for our investigation of the a-like spatial correlations in the (Ao + 4) -particle system.
Since the eigenstates of the (A 0 +4)-particle system must be orthogonal and normalized as then the following orthonormality relation is obtained:
It is easily seen that the relation is exactly consistent with the fundamental equation (2 · 24). § 3. Vertical truncation
In the last section, we have obtained the fundamental eigenvalue equation describing the correlations of the four particles outside the core. It seems indispensable to make some approximation, since it is almost impossible to solve the equation directly. In this section, setting up a model for the correlation amplitude c/Jn (x 1 X2Xax 4 ) , we propose a new type of truncation of the Hilbert space. the average nuclear field of the core correlate spatially, it is reasonable to assume the following condition on the variational function for cfJn (x1x2xsx4): The eigenstates XntJ 0) should be able to involve not only the most important part of the usual one-major-shell model at one limit but also the localized a-cluster-like character at another limit. The variational function should keep the [4] symmetry which is one of the most important properties in the usual shell model of light nuclei as well as in the a-cluster model. The spin and isospin part of the variational function should, therefore, be put by the Slater determinant coupled to both spin and isospin zero, Xs=o, T=o (1234).
Under the above considerations, a possible variational function with angular momentum LM would be
Here the size parameter of the "internal" distribution of the four particles, a does not necessarily show really the a-cluster-like structure, though the form of the correlation amplitude is assumed to be a-cluster-like in expression (3 · 2). Because it is possible that the significant effect of the operator Q 411 turns the wave function into a shell-model-like one. This will be studied precisely in the next section.
Substituting the correlation amplitude (3 ·1) into the eigenvalue equation (2 · 24), we obtain the following integral equation 111 a similar way to the generator coordinate method : with the "overlap kernel" and the "energy kernel"
where (3· 7)
In the Hamiltonian <r 1 r 2 r 8 r 4 1Hir 1 r 2 r 3 r 4 ), the integration over the spm and isospin variables has already been carried out: and
where {3 = J mw 0 /h and Ln <l+l/ 2 ) (/3 2 r 2 ) is the associate Laguerre polynomial.
We can write the explicit expressions of the kernels NL (R, R') and HL (R, R') defined by (3 · 6) in terms of well-known functions when interactions (3 ·12) and (3 ·13) are adopted. However, as they are rather complicated, we do not write them here.
For the sake of later convenience, we divide the kernels NL(R, R') and HL(R, R') as
The division corresponds to
Then the terms NL <O) (R, R') and HL <O) (R, R') are the parts without the effect of the Pauli principle from the core. These terms are easily written down in the following forms: (3 · 20) where the function S L (z) stands for the modified Bessel function with order of half integer Replacing the kernels m Eq. (3 · 5) by NL co) (R, R') and HL co) (R, R') shown above, we get a simpler eigenvalue equation
This equation describes the motion of the four particles in our model under an extreme approximation of neglecting the Pauli principle due to the core, but the analytic property of the solution (/hCO) (R) is very similar to that of the solution of Eq. (3 · 5). We can exactly solve the integral eigenvalue equation (3 · 22) . The solutions are
The eigenfunctions satisfy the following orthonormality condition:
Form of the function (J)~l(R) is very similar to the three-dimensional harmonic oscillator wave function except for the difference in arguments of the exponential function and the Laguerre polynomial. Because of this difference, the nodal points of the function locate much nearer to the origin than those of the harmonic oscillator wave function. A comparison IS presented in Fig. 1 3 12. The curve of (J)~'l?(R) is drawn on a scale of 1 to 250.
3.26 at R=O , in which we take physical interest. Such properties as those mentioned above are also proved for the solution (/)L (R) of our fundamental eigenvalue equation (3 · 5) , in which the effect of the Pauli principle due to the core is exactly taken into account.
3 Vertically truncated subspace and its bases
We have chosen the functional forms (3 ·1) and (3 · 2) for the correlation amplitude of the outer four particles. This means that we have proposed a kind of truncation of the Hilbert space in which the states of the four particles are described. As is seen in expressions (3 ·1) and (3 · 2), the vector in this truncated subspace standing for the correlation amplitude is written as (j)LM(r 1 r2rsr 4 ) in the "(r 1 r 2 rar 4 ) -representation" and as (/)L (R) YLM(QR) in the "R-representation ". Expression (3 · 2) may, therefore, be considered as the relation which connects the both representations. Now, we should choose a set of bases of the subspace, taking account of the discussion mentioned in the last subsection on the singular property of the solution (/)L (R) satisfying the eigenvalue equation (3 · 5) . It is convenient that the set of the functions {(f)~b (R); N = 0, 1, 2· · ·} is chosen as bases of the subspace in the "R-representation ". We assume that the solution (/)L (R) can be expressed as a linear combination of these bases: 
Under assumptions (3 ·12) and (3 ·13), these matrix elements are written in terms of rational expressions. Now, the eigenvalue equation ( It is easily seen from relation (3 · 24) that these bases fulfill the following orthonormality condition:
It is interesting to see how the bases involve the higher single-particle states. The base (fJJllM(r 1 r2rsr 4 ) is expanded as 2 involves all single-particle states keeping [ 4] -symmetry. In this sense, we may refer to our subspace as vertically truncated subspace in contrast with the usual one-major-shell model which we may call horizontal truncation model.
4 Physical meaning of the bases
In order to see the physical meaning of the bases defined in the last subsection, we carry out the R-integration in expression (3 · 29), with the result that the bases take the form 1 ( a ) 9 /2 ( a2 s ) .,...
where S is the centre-of-mass coordinate of the outer four particles and th t 2 and t 3 are their internal coordinates in the sense that (3·34)
The function ibJJl(S) is a normalized harmonic oscillator eigenfunction satisfying the following equation:
(3· 35)
The relation between ibJJl(S) and f})~i(R) is written as
(3. 36)
Using the above relations, we can write the correlation amplitude in the following product form of the internal and the centre-of-mass part: (3. 37) (3. 38) just corresponds to expansion (3 · 26) with the same C NL· The wave function 'iJfLM(r 1 r 2 r 3 r 4 ) of the outer four particles is, therefore, expressed in the simple form as (3. 39) which is very similar to the wave function in the resonating group method often used in the investigation of structure of light nuclei.
Thus, the generator coordinate R which was introduced in definition (3 · 2) will no more be necessary for the discussions in the following sections, because everything could be described with the coordinate S. However, it should be emphasized that the expression with the generator-coordinate method is much more useful for the actual calculation of the matrix elements JltN' and 3(f;N, in the eigenvalue equation (3 · 27) In the one-body potential U(r) of (3 ·12), we dropped an additional constant energy, because it is canceled out in the Wn. As a result, the relative level structure of the spectrum can be shown to be reproduced very closely by diagonalization within the subspace composed of the lowest three states having the same spin in Table I . Thus, the calculated energy spectrum on the right of the curves in Fig. 2 can safely be compared with the experimental level structure.
First we investigate the nature of states in the ground band. The binding energy and the level structure However it should be noticed that this would not mean a free-a-particle-like localization of the outer four par- ticles because of the Pauli-principle effect Q 4 .v (see the next subsection). The fact that the residual interaction much weakened from that of the sd shell model can give a good result, implies rather large effect of the higher shells upon the four-body correlation energy. It is interesting to see how the four-body wave functions involve the single-particle states higher than the 1s-Od shell. Table I shows it. In the ground band, lower states in energy have larger mixture of higher shell components, which means that the higher shells work so effectively as to gain the correlation energy ( cf. the following subsection 4. 5). In Table  I , higher states that have not been included in Fig. 2 are also listed. So far as the harmonic-oscillator one-body-potential (3 ·12) is assumed, one cannot find below 20 MeV excitation any state in which the (sd) 4 configuration takes no longer the main part and the 10+ state at 28.97 MeV does not seem to belong to the ground band in energy.
We investigate the effect of some corrections of the single-particle energies --o+ -------sT
- state which has the weighted mean energy of d5/2 and ds;2 in the observation of 17 0. This situation is taken into account as a correction 7 l to e1s of (3 ·16 The correction Lls 01 gives relatively large energy-gain to the lower states of the ground band and also affects largely the high-excited states in which the (sd) 4 configuration does not take main part (see Table I ). The observed level scheme has three o+ levels between the 4 + and 6+ levels of the ground band. Only one of them, however, can be reproduced by our present model, as is the case with the sd shell modeFl This seems to suggest a possibility of a core-excited state. 13 
J

2 Spatial distributions
It is impossible to visualize the spatial part of the wave function, ' iJf LM(r 1 r 2 r 3 r 4 ), because it is a function of four variables. Instead, we first estimate the following expectation values: i) Root mean square of the centre-of-mass coordinate of the outer four particles, J <S 2 ) , with the definition
where S = t (r1 + r2 + rs + r4).
ii) Root mean square of the intrinsic coordinate of the particles, J < (r-S)
with the definition
The comparison of these values with those in the (sd) 4 shell model may give information about the spatial distributions of ' iJf LM(r1r2rar4). It should be noted that the value of the size parameter a 2 itself in the variational function (3 · 2) or (3 · 37) does not give directly the information on the intrinsic distribution such as ( 4 · 4) because of the Pauli-principle effect Q 4 p.
In Table II 
Using the free-a-particle wave function in which the intrinsic part IS presented by the gaussian form with the size parameter a 2 = 0.58 fm-2 , we get V < (r-SY)rree a/ V < (r-S)
2 )sa = 0.52 .
(4·6)
It is seen in Table II that the states having larger higher-shell components (see Table I ) show relatively stronger spatial localization compared with (sd) 4 configuration. This seems to mean that higher shells work effectively to localize and push out the outer four particles. However it should be stressed that all states listed do not show so strong intrinsic localization as the free a-particle does.
In order to visualize the behaviour of the "relative motion" between the outer four particles and the 16 0 core, we construct the following relative amplitude uL (S) in a similar way to the procedure 14 ) used in the resonating-groups method:
with S=t (r1 + r2+ rg+ r4), where the integrations are carried out over all intrinsic variables and angle part of S, and the size parameter a 2 takes the same value as in WLM(r 1 r 2 r 3 r 4 ) of expression (3 · 39).
The uL (S) of our low-lying states are shown in Fig. 4 , being compared with that of the (sd) 4 [4] (80)L configuration which is the main part of the (sd) 4 shell model and is able to be constructed in our formulation (see subsection 4. 4). In the states of the ground band, the "relative motion" grows up more than the (sd) 4 (80) case as seen in the suppression of inner oscillation and the enhance- ment of outer part, but the clusterization is not so strong because the position of S having the largest value of uL (S) X S is almost on the surface of the core nucleus 16 0. The remaining states shown in Fig. 4 have very small component of "relative motion". These tendencies are consistent with those shown in Tables  I and II. 
3 Spurious component due to the excitation of the centre-of-mass motion
In the present model, the eigenstates of the (Ao + 4) -particle system are described by Here, the quantities P and S are the total momentum and centre-of-mass coordinate of the outer four particles respectively, and Pc and Sc are those of the core: low-lying states is less than rv7% and it does not seem to have so much influence on our physical conclusions. Since the spuriousness of the low-lying oddparity states obtained by our model seems to amount nearly to 50% referring to the calculated values of (HeM), the model should be improved by removing the spurious component in dealing with the odd-parity states.
4 Relations to the sd shell model
It is interesting to investigate the relation between our approach and the When the size parameter ci = {3 2 , our basic configurations s <r1r2rsr4IQ4plrl'r2'ra'r/)~~lM(rl'r :/rs'r/) cg dr/) (4 ·14) with 2N + L<8 are vanished through the Q 4 p operation, because the number of oscillator quanta in ~iJlM is less than eight and one particle at least exists in the 
5 Vertical truncation within three major shells
We have studied the 20 Ne nucleus using the model with the Pauli-principle operator Q 4 p which allows the outer four particles to stay in the all single-particle states unoccupied in the core, i.e., sd, pf, sdg, · · ·. In the last subsection we have In all calculations shown in Fig. 5 (a) , the same strength of the residual interaction ( 4 · 2) is adopted. One can clearly see how the truncations affect the eigenenergies and what states are benefited by the higher-shell mixing. However, if a suitable strength of the interaction is taken for each of the three truncations, almost same level structures can be obtained as shown in Fig. 5 (b) . This seems to suggest that to extend the truncation of the single-particle shell-model states unoccupied in the core may be renormalized almost only in the reduction of strength of the residual interaction, its other characters being kept. The aim of the present work was to investigate the spatially correlated mode of the extra four particles in the core plus four-particle system on the basis of the (major-shell-mixing) shell-model picture. For this purpose, new bases of the four-body configurations were introduced. These bases define a subspace in which the single-particle shell-model states are vertically truncated with the [ 4] symmetry. The bases were proved to be suitable to represent both the shell-model character and the a--like-clustering nature of the outer four particles.
The vertical-truncation model was applied to the study of the low-lying evenparity states of 20 Ne. The levels in the ground band are well reproduced ( Fig.  2) with the use of the effective interaction much more weakened than that used in the sd shell model. The fact is due to the higher-shell-mixing (spatial-correlation) effect (Tables I and II) . This attenuation in the strength of the effective interaction may become one of the important origins of the weak coupling 1 ) ' 3 ) between the outer four particles and a hole in the core. The higher-shell-mixing effect makes the four particles correlate spatially, but not so strongly as in the free-a-particle (Table II and Fig. 4) , so long as the harmonic-oscillator one-body potential is assumed between the 16 0 core and the extra particle.
The relation of our approach to the sd shell model was studied and it was made clear that the present approach can almost cover the (sd) 4 [ 4] shell model ( § 4. 4) . A calculation by using the vertical truncation within the three major shells, (sd, pf, sdg) shells, showed clearly ( § 4. 5) the way how the higher shells affect the level structure and the so-called renormalization of the effective interaction. It is further interesting to investigate the "effective charge" by calculating electromagnetic transitions along the present approach.
In order that the investigation of the spatial correlations using our model might be progressed further, it will be very significant to adopt a more realistic finite-well one-body potential, for instance, a Woods-Saxon type, instead of the harmonic-oscillator type. This may lead the outer four particles to localize stronger. In addition, to adopt such a finite-well . potential will make it possible to apply our approach to a study of reactions between composite particles. Furthermore, it will also give us the significant understanding of the spatial correlations that the preserit TDA model is extended to the NTDA along the theory of Marumori and Suzuki.
